Quasi-periodic propagating disturbances (PDs) are ubiquitous in polar coronal holes on the Sun. It remains unclear as to what generates PDs. In this work, we investigate how the PDs are generated in the solar atmosphere by analyzing a fourhour dataset taken by the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics Observatory (SDO). We find convincing evidence that spicular activities in the solar transition region as seen in the AIA 304 Å passband are responsible for PDs in the corona as revealed in the AIA 171 Å images. We conclude that spicules are an important source that triggers coronal PDs.
Introduction
Quasi-periodic propagating disturbances (PDs) in solar polar coronal holes have been reported since the Skylab era. When analyzing the Mg x 625 Å line radiance in plumes, Withbroe (1983) was the first to discover intensity disturbances with some 10% variation and propagating speeds of 100-200 km s −1 . Since the launch of SoHO, this phenomenon has been extensively studied. With observations taken off-limb at 1.01-1.2 R ⊙ by the Extreme ultraviolet Imaging Telescope, DeForest & Gurman (1998) found PDs with 10-20% intensity variations, quasi-periodicities of 10-15 mins and propagating speeds of 75-150 km s −1 in fine structures
(with a width of 3 ′′ -5 ′′ ) of polar plumes. By using high spatial resolution data taken by the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics Observatory (SDO), PDs are found in both plume and inter-plume regions. In the AIA data, the periodicities of PDs are found to be 10-30 mins, and the propagating speeds are 100-170 km s −1 (Krishna Prasad et al. 2011 ). Spectral measurements of plumes made with, e.g., CDS and SUMER on board SoHO, and EIS on board Hinode, also showed the existence of PDs with periodicities of 10-30 mins and relative intensity variations of a few percent (Banerjee et al. 2000 (Banerjee et al. , 2009 . Furthermore, H i Lyα measurements with UVCS/SoHO indicate that signatures of PDs are likely to be present up to 2.2 R ⊙ (Morgan et al. 2004 ).
The fact that PDs tend to propagate with a speed close to the sound speed suggests that they are likely to be signatures of propagating slow magnetic-acoustic waves (DeForest & Gurman 1998; Ofman et al. 2000; Gupta et al. 2012) . Alfvén waves and fast magnetic-acoustic waves were also suggested to produce PDs in inter-plume regions (Gupta et al. 2010) . On the other hand, by analyzing EIS/Hinode and AIA/SDO data, De Pontieu et al. (2009) revealed the presence of quasi-periodic outflows in the footpoints of coronal loops. Furthermore, Tian et al. (2011) discovered that high-speed quasi-periodic outflows can be found in both plume and inter-plume regions, and the outflow speeds are similar to the propagating speeds of PDs. These outflows have How PDs are generated remains debated. Although an obvious candidate source, magnetoacoustic-gravity (MAG) waves in the photosphere with periods longer than ∼ 10 mins cannot readily penetrate the chromosphere and make it into the corona, since the periods are substantially longer than some critical value P c (Bel & Leroy 1977) . For a low-beta environment, this P c reads 4πc s /(γg cos θ) where γ = 5/3 is the adiabatic index, g = 27400 cm s −2 is the Sun's gravitational acceleration, c s is the sound speed, and θ is the angle between the wavevector and the background magnetic field (Yuan et al. 2014) . Adopting a c s = 7 km s −1 as being representative of chromospheric values, one finds that P c = 192/ cos θ secs, meaning that MAG waves with periods 10 mins can reach the corona only along highly inclined magnetic flux tubes with θ 70
• .
However, if PDs have coronal sources, the restriction due to P c is not as stringent. One possibility of this kind will be that PDs are the coronal response to spicules impinging on the corona in a and 5. The accompanying on-line animation makes it easy for one to follow the evolution of the spicular activities and the PDs.
repeated manner. Indeed, SUMER measurements show that spicules, the omnipresent ejections of cool chromospheric plasmas to coronal heights, can occur repeatedly at the same place (Xia et al. 2005b ) with periods of 10-15 mins (Xia et al. 2005a) . Another support for this possibility comes from the recent numerical studies by Ofman et al. (2012) and Wang et al. (2013) who showed that any upflow pulse at the coronal base, regardless of its origin, leads to propagating intensity disturbances guided by magnetic flux tubes. In the present study, by analyzing the high resolution AIA data we aim to examine whether spicules can be a source of PDs. This manuscript is organized as follows. Section 2 describes the observational data, method of data analysis and our results. Section 3 summarizes our conclusions. 
Observations, data analysis and results
The data analyzed in this study were taken from 21:50 UT, 5 August 2010 to 01:50 UT, 6
August 2010 by the AIA (Lemen et al. 2012) . The spatial resolution of the data is about 1.2 ′′ and the cadence is 12 s. The AIA monitors the full disk of the Sun in 10 wavelength bands. In this work, we chose to use the passbands of 304 Å (mainly contributed by He ii with response function peaking at 0.05 MK) and 171 Å (mainly contributed by Fe ix with response function peaking at 0.8 MK). The AIA 304 Å passband can well observe spicules in the transition region and the 171 Å one is commonly used to identify PDs in the corona. We focus our investigation on the north polar region with solar X between −100 ′′ and 100 ′′ where a coronal hole is clearly seen (Figure 1a ). and 1c look similar, we find that the temporal evolution of the PDs can be better followed in the band-pass filtered images. This is crucial when comparing the PDs with the rapidly-evolving spicular activities. the composite images is the best approach to investigate the correlation between the PDs in the corona and the spicules in the transition region. The animation clearly demonstrates that, when a spicule is discernible in the AIA 304 Å channel, a PD is seen to be generated and/or amplified in the AIA 171 Å. Note that a one-to-one correspondence between spicules and PDs is not found in some cases, see our discussion in connection to Fig. 5 .
We further examined a small area denoted by the white box in Fig. 2 . In Fig. 3 and the online animation, we present the evolution of the small area viewed in the composite images. Again, it demonstrates that spicular activities in the solar transition region are a source of the PDs in the corona. We also measured the speeds of the PDs by producing time-slice images along the propagation direction (the solid lines in Fig. 3 ). The speeds measured from these PDs vary from 70 km s −1 to 170 km s −1 , which are consistent with previous results (Withbroe 1983; DeForest & Gurman 1998; Krishna Prasad et al. 2011) . In a few cases (see Figs. 4d, 4f , and 4g), we found that the propagating structures have lower speeds (10-30 km s −1 ) near the limb before gaining much higher speed above. We suggest that the speed near the limb represents the speed of the spicular plasmas because the spicules can also be seen near the limb in the AIA 171 Å channel.
The triggered PDs, on the other hand, are propagating with a much higher speed.
The PD speeds measured here are significantly larger than those of classic type I spicules (∼20 Our attention has been drawn to a very recent work by Pant et al. (2015) , where the authors suggest that small-scale jet-like features with speeds of ∼ 10 km s −1 occurring in chromospheric network (seen in IRIS 1330 Å slit-jaw images) might be responsible for the PDs in on-disk plumes.
As has already been pointed out by the authors, measuring the speeds of those jet-like features is not straightforward due to the projection effect. In this sense, it remains an open question as to whether the jet-like features associated with PDs in on-disk plumes are spicules. Nonetheless, the present study and the work by Pant et al. (2015) suggest that PDs in polar coronal holes and PDs in on-disk plumes may both have chromospheric sources. Given the possible difference in the local magnetic field topology in the two regions, it may be that this magnetic topology plays an important role in determining exactly what in the chromosphere triggers PDs in the corona. This intriguing question certainly warrants a dedicated study, which is beyond the scope of the present paper.
One may now ask why intensity disturbances triggered by spicules are quasi-periodic. An obvious possibility is that the spicules themselves possess similar periodicities, e.g., in connection to their quasi-periodic occurrence at the same location (see introduction). This possibility is examined in Fig. 5 , which illustrates the quasi-periodic nature of the spicular activity and its relation to PDs. Figure 5b shows the lightcurves of the AIA 304 Å (black line) and the filtered AIA 171 Å (red line) taken from the lower and higher boxes marked in Fig. 5a , and Figs. 5c and 5d show the corresponding wavelet spectra. We remark that the two boxes are selected such that -11 -they represent the spicule in the 304 Å channel and the corresponding PDs in the 171 Å channel.
At first glance, the two lightcurves are quite well correlated in general (see Fig. 5b ). However, 
Conclusion
In this study, we have analyzed a four-hour dataset of a polar coronal hole observed by the AIA. Propagating disturbances (PDs) with speeds of 70-170 km s −1 and periodicities of 10-30 mins are clearly seen in the AIA 171 Å images. By following the evolution of the spicular activities in the solar transition region (seen in the AIA 304 Å channel) and the PDs in the corona (seen in the AIA 171 Å channel), we found clear evidence that spicules are one of the important sources of PDs.
